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for our own use, it was impossible to comply at once with
the British Admiralty’s request. Steps were taken, how-
ever, to furnish them as soon as possible, with the result
that two were sent durini August, 1918, and the re-
maining four shortly after the close of the war.

Ttaly.—At the request of representatives of the Italian
Royal Flying Corps, information was given as to the best
conditions of pressure distribution under which to attempt
cross-country flights between Hampton, Va., and New
York: between Hampton and Chicago, Ill.; and between
Chicago and New York.

CONCLUSIONS.

The policy of the Aerological Division was at all times
to furnish as quickly as possible the available data,
equipment, etc., needed by the military and naval services
in the prosecution of the war, and at the same time to
increase its facilities for such cooperation by making im-

rovements in its equipment and by bringing together
mto concise form the results of all aerological investiga-
tions, not only in this country but in other parts of the
world as well. It is believed that the most important
results accomplished have been: (1) The aid rendered the
Army and Navy in organizing their meteorological serv-
ices; (2) the equipment furnished to those services, thus
enabling them to make observations at a large number
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of training fields; and (3) data, information, and advice
to the military and naval services relative to free-air con-
ditions, both as to mean values and for specified times
and places. Whatever of value has been achieved is due
very largely to the never-failing advice and sympathetic
sup{)ort of the Chief of Bureau: to the hearty cooperation
of the administrative ofticers and chiefs of divisions of the
bureau; and especially to the industry, enthusiasm, and
loyalty of all the employees of this division, both at the
field stations and in the Central Office.

AS TO THE FUTURE.

The need for aerological data in peace times will
become increasingly urgent. Improvements in aireraft
will very likely result in making them less dependent
upon weather conditions than at present, but it is not
lil;elv that the time will ever come when a knowledge
of the air cannot be used to advantage by the aviator.
The development of the Aerial Mail Service and of com-
mercial aviation makes it imperative that we continue
and expand our upper-air forecasting service. Aside
from these considerations free-air observations are so
inherently related to surface observations that a study of
them as now begun can hardly fail to increase the accuracy
of *forecasting the weather.”

SOME SCIENTIFIC ASPECTS OF THE METEOROLOGICAL WORK OF.THE UNITED STATES ARMY.!

By Lieut. Col. R. A. MiLLIKAN, Signal Corps, U. S. A,

Thers is no more interesting illustration of the appli-
cation of new scientific methods to warfare than is fur-
nished by the developments in meteorology during the
Great War. Prior to 1914 a meteorological section was
not considered a necessary part of the military service.
No corrections had ever been made by the artillery of any
army for any save surface winds. Firing by the map
was almost unknown. No Sound-ranging Service, no
Air Service, and no Anti-aireraft Artillery had ever
existed to demand aerological data.

At the time of the signing of the armistice on the
westorn front the Air Service and all the artillery were
being furnished every two hours with the temperature,
density, wind velocity, and direction, taken at the surface
and at various altitudes, from 100 to 500 meters apart,
up to 5,000 meters. Further, tables were prepared from
which each hattery could obtain the correction suited
to its trajectory for the so-called ballistic wind. This
is the average wind for the trajectory, weighted for the
density of the air at the clevations traversed. IEven
machine guns when used for barrage work made use of
these ballistic-wind tables. )

In addition, daily forecasts were furnished to the
armies in accordance with the following outline:
Character of weather for each arm of the service.
Winds: Surface, at 2,000 m., and at 5,000 m.
Cloudiness, including fog and haze.

. Height of cloud.
Visibility.

Rain and snow.
Temperature.

H. Warning of weather conditions favorable for use
of ﬁas by enemy.

. Probable accuracy or odds in favor of forecast.*

QEELQEF

1 Read belore the American Physical Society on Apr. 25, 1919, at Washington, D. C.
* A more detailed account of this work in France is being prepared for the REVIEW
by one of the meteorological officers still overseas,—EDITOR,

Most of the aerological data were obtained from theodo-
lite observations on pilot balloons. The extent to which
our knowledge of the upper air has been and is being
extended by this pilot balloon work may be seen from
the fact that before the war there existed but one station
in the United States where pilot balloon explorations
were regularly carried on. Within a year of the incep-
tion of the meteorological service in the United States
Army, 37 complete stations for the obtaining of hoth
surface and upper-air data in aid of aviation and the
artillery had been established in the United States (see
fig. 4, p. —, above) and equipped with special aireraft
theodolites and pilot halloons, neither of w]hich had ever
been produced before in this country. Further, 20 such
stations had been established by our forces abroad. For
the manning of this service, about 500 specially selected
men had been trained in this country and 314 of themr
sent abroad, while about 200 were held for work in the
United States,

The scientific interest in this service centers about four
distinet problems: :

1. The extension of our knowledge of the law of motion
of pilot balloons.

2. The procurement of data and the development of
methods for the preparation of artillery range tables.

3. The development of long-range propaganda bal-
loons.

4. The charting of the upper air in the United States
and overseas in aid of aviation.

1. The extension of our knowledge of the law of motion
of pilot balloons.—Prior to the development of the
Meteorological Service of the Army there had been made
in the United States perhaps 100 pilot balloon flights, in
which the balloons had been followed by the two-theodo-
lite method—the only method which permits of real
accuracy; and in several European countries there had
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been a somewhat greater number, hut the data were
incomplete and fragmentary.

Within the past year approximately 5,000 such obser-
vations have been taken by the Meteorological Service of
the Signal Corps. From thesé observations the altitude
of the balloon is determined with great accuracy by tri-
angulation, the base line being usually a mile or more in
length. The balloon is kept in sight up to distances as
great as 60 miles and up to heights as great as 32,000
meters, or approxin:ately 20 miles. For the practical
uses of the artillery and the air service, observations need
not be carried higher than 10,000 meters (6 miles),
which is the extreme height to which airplanes have thus
far ascended or to which projectiles usually go.

In view of the number of variables which enter into
the rate of ascent of pilot balloons, such as the changing
density and the changing temperature of the surrounding
air, the changing size of the balloon and consequent
changing tension of the rubber envelope, the changing
temperature of its interior because of the ahsorption of
the sun's rays, the diffusion of hydrogen through its
walls, ete., it 1s one of the most striking facts to be found
anywhere in the annals of empirical science that these
balloons rise to great heights without deviating appre-
ciably from the simplest possible law of ascent, namely,
that ‘of constant speed. Graphs Nos. 1, 2, 3, 4, and 5,
in figures 1 and 2, show beautiful examples of this con-
stancy. Graph No. 6, figure 2, shows a kink at about
5,500 meters, which is presumably due to a descending
current struck at that altitude. Graph No. 7, figure 2,
shows a balloon followed to a height of 20,000 meters,
where it apparently developed a leak and failed to ascend
farther.! (gra,ph No. S shows the fluctuations which are
often found at low altitudes, these fluctuations being
undoubtedly due to ascending and descending currents.®

The extreme constancy in the rate of ascent shown in a
great majority of flights, although surprising enough, is
not as inexplicable as it at first appears, for since the
pressure within the balloon due to the tension of the
rubber itself is only from 5 to & centimeters of water,
and since this pressure is at sea level less than 1 per cent
of the pressure of the atmosphere, it will be seen that the
balloon will expand practically freely: that is, as though
the walls did not constrain the gas at all, up to heights
of, say, 10,000 meters, where the pressure is abhout a
third ‘of an atmosphere. This means that the ascen-
_sional force must be entirely independent of temperature
and pressure.’ For the speeds with which these balloons
ascend, namely, about 3 meters a second, the resistance
to motion must be directly proportional to the density
of the air, and experiment shows it to be nearly propor-
tional to the cross-section of the balloon; that is, to the
square of the radius. This makes the resistance vary
as the cube root of the density,* which means that at a
height of 6,000 meters, where the density is about one-
half, the resistance is 0.83 of what it would be at the

1 A pilot balloon which appears similarly to have reached a limiling altitude was
[ollowed for 238 minutes (am)i could have Leen followed for longer) at Murmansk, Mar.
29,1919. If thecomputed ascensionalrate, 500feet/min. (152m./min.) had Leen assumed
to hold throughout the run, the indicated altitude. would have heen 129,000 feet (30,320
m.). From mges by Capt. W. H. Pick, published in Brit. Met'l Off. Cir., No. 35, May
1, 1919, p. 3.—ED.

"1 See'}? . 223-225 helow.

2 For iffl, dy, 1, v, 4 represent ascensional force, density, volume, pressure, and tem-
perature at the surface of the earth, and fs, ds, vs, P, f, the correspending guantities at

v ince 82 11PN fi_nd

any given elevation, then, since I pils’ (1) and: = bed
Ni_ndi_phy pils
o pdy pate pah
# For if Ri is the resistance at the earth's surface and Rs that at any given altitude,

g 3
}—3'=@ which is seen from (1) to equal (:—') .
R: vidy 2

» (2) there results (rum a

combination oi‘ (1) and {2)
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surface. If, as is approximately true for these speeds,
the resistance varies as the square of the velocity or the
veloeity as the square root of the resistance, this would
mean that the velocity should vary as the sixth root of
the denxity. In other words, sinee the sixth root of 2 is
1.13, at a height of 6,000 meters the velocity should be
about 13 per cent greater than at the surface. Such an
increase in velocity would he very easily observable in
the experimental data. The fact that it is not found
there is duc to the wholly fortuitous circumstance that
the slow diffusion of hydrogen through the walls, as
observation by Blair and Sherry has shown, is just suffi-
cient with the balloons here used to retard the ascen-
sional rate enough to make it quite exactly constant.
This makes it possible, provided one could always
duplicate the size and weight of his balloon, to obtain a
very exact determination of wind velocity and direction
by "a one-theodolite method, the height being always
known from the time and the known rate of ascent.
When, however, the weight and inflation of the bal-
loons are varied, as they must be in practice, since the
balloons vary in weight from 20 to 35 grams, gnd since
it is convenient also to vary the filling according as low
altitude or high altitude wind data are desired, it is
found that no accurate formula can be found for com-
puting the speed in terms of the ascensional force, the
weight to be lifted, and a single invariable constant.
For approximate work, however, the one-theodolite
method, because of its convenience and because of the
impracticability of measuring an accurate base line at
the front, is much in use, and one of the advances made
in the meteorological work of the Army during the past
year has consisted in developing, with the aid of the large
amount of data available, a general formula for the rate
of uscent in terms of the ascensional force and the weight
of the balloon, which, though far from accurate, is more
reliable than that which has heretofore been used. The
formula heretofore used is that of Dine’s, namely:

— e
L

in which T represents the rate of ascent in meters per
minute, I is the free lift, or the weight of the displaced
air less the weight of the balloon and contained hydrogen,
L is the weight of the balloon plus the free lift, and X is
a constant.

The formula as modified by the observers of the Signal

Corps is
" - 3\ 208
V=K L)

This formula is found to fit the observational data within
the ranges used in the Signal Corps work to an accuracy
of somewhat less than 10 per cent, which is sufficient for
most work at the front.®

2. Meteorology in the aid of the artillery.—In former
times, when guns did not shoot to a greater distance than
8 or 10 miles, it was usually possible to observe where the
projectile hit and to correct errors by “spotting.” This
made unnecessary the correction of the trajectory for the
inAuence of the wind and the changing density of the air
with increasing altitude. In the present war, however,
guns have been built to sheot much farther and, in addi-
tion, camouflage has prevented the visual location of
guns, even at the old ranges. Hostile batteries have
been located in many instances solely by the new art of

s Further details of the development of this formula are given on p. 21%, below.
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sound-ranging, which has itself demanded, for the high
accuracy attained, aerological data. The answering
hattery has been obliged to fire wholly by the map, so
that it is ohvious that it has become necessary to make
careful allowances both for the density of the air and the
direction and velocity of the wind at various altitudes.
Some of the modern projectiles remain in the air as long
as 70 seconds, and a moderate wind blowing across the
path of such a projectile might easily cause it to drop
half a mile away from the point at which it would strike
if fired in still air. The wind direction and velocity at
various altitudes have been obtained, as already indi-
cated, by pilot balloons, while the temperature has been
determined at the proving grounds by sending self-
recording instruments aloft in specially constructed hox
kites, as well as by sendinig instruments and meteorolog-
ical observers aloft in airplanes. It has been with the
aid of observations of this sort that the new range tables
for the Ordnance Department of the United States Army
have been constructed. The importance of this work
may be understood when it is considered that these range
tables will be used in connection with the firing of all
guns, and errors in them would produce errors in the range
of every gun fired with their aid. -

3. The devclopment of long-range propagaenda bhal-
loons.—In view of the fact that above an altitude of
10,000 feet 95 per cent of the winds hoth over western
Europe and over the United States blow from west to
east (i. e., have a westerly component), Capt. Sherry,
in 1917, suggested the development of a large program
for the extension of the use of pilot bhalloons for the pur-
pose of flooding the whole of Germany and Austria with
propaganda dropped from such balloons. The project
was submitted to the meteorological and military agencies
in France and pronounced unfeasible, chiefly because the
rapid diffusion of hydrogen through rubber had hcreto-
fore rendered it impossible to obtain pilot-balloon flights
of more than about 100 miles. Undiscouraged, however,
by those reports, Mr. W. J. Lester and Dr. S. R. Williams
and Sergt. Redman attacked the problem of extending
the range of pilot-balloon flights by developing an auto-
matic ballast control and by reducing the diffusion by
eeans of a special dope.

The automatic control was ingeniously simple, its
essential feature being a bellyband which kept the girth
of the halloon constant (at a diameter of 4 feet) through
the discharge, in the act of shrinking, of a few drops of
kerosene, thus causing reascension and consequent
expansion.

With this device the balloon not only does not fall.
but rises very gradually to higher and higher levels until
its ballast of kerosene or alcohol is exhausted.

In the week beginning October 3, 1918, 60 such bal-
loons, adjusted to fly between the.initial and final alti-
tudes of 15,000 and 25,000 feet, respectively, were sent up
from Fort Omaha, Nebr., carrying return cards and
watehes, which were arranged to stoll) and be let down on
small parachutes as soon as the ballast was exhausted.
Thirty-four out of 60 of these balloons were picked up
and returned to Washington. Instead of flying 100
miles, one of them came down within 10 miles of New
York, 1,100 miles from Fort Omaha: another was re-
turned from Virginia, 930 miles from its starting point;
and the rest were scattered over Ohio, Kentucky, Illinois,
Wisconsin, and Iowa. Not one went west of Omaha,
though the balloons were sent up on days on which
different surface conditions prevailed.
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The credit for this achievement, the significance of
which will be discussed later. is due primarily to Mr.
Lester, Capt. Sherry, Dr. Williams, and Sergt. Redman.
At the time of the signing of the armistice the Military
Intelligence Service was preparing for the extensive use
of these halloons for Hooding the whole of Germany,
Austria, and even parts of Russia with suitable leaflets,
several hundred of which could have been seattered by a
single balloon, the total cost of which would have been
but two or three dollars.

TaBLE 1.—Pilot-halloon observations of wind, 1918.

” i
Groesheck. | Ellendale, | Ellendale, | Fort Ople- |y .
Tex. i N.Dak. | N.Dak. thorpn.}i%u. Mmseola:,lj.\.

\li Nov. I Nov. 4. | Dec.5. Nov. 29, ept. .

tude. —

Dirce- | Ve- Il”ire(--! Ve- | Direr-| Ve- | Diree-| Ve- | Diree-| Ve-
tion. flocity.! tion. lacity. tion. |locity.| tion. |locity.| tion. |lority.
: i
: (N -

Meters, Mix./h, ) Miw i ] Mis./h. Mis./h Mis./h.
e. 9 sw. | 20 ' nw. 19 7|n 18
ese. it s, i 17 i nw. 47 Sin. 51
ese, 3 v | 16| nw. 49 11 | n. 65
ese. 2 | i3 | nw. a7 19| n. 29
WSW, i 15 | nw. 4% M w. 22
wnw. . i i | wnw, 49 31| w. 20
WIW. ;WINwW. | IS | wnw. 50 38 [ w. 11
wnw. wnw. | nw L] 3 | wsw. 13
nw. N wnw, | wnw. N | 41 | sw. 25
nw. wnw, . wnw. 31 i 46 | sw. A7
wnw, wiw. 8T : 47 | sw. 83
nw. .
nnw.

n.
nnw,
nw.
nnw.
nw.
1w,
uw.
wiw.
wnw,
wnw,
wnw,
wnw,
wnw,
wnw.
wnw.
wnw.
w.
w.
w.
WSW.
WsW.
wnw.
wiw.
w.
w.
w.
w.
w.
w.
w.
w.
w.

NOTE.—The flightsof Nov.1land Nov, 15 beganat 7 a.m., that of Nov. 20 at 7.39a. m.,
and that of Dee. 15 at X.26 a. m., %0th meridin time, while that of Sept. 7 began at
7.06 2. m,, 75th meridian time.

4. The charting 3{ the wpper air in aid of aviation.—In a
recent Brisbane editorial the following scntence oceurs:
**Flying machines of the future going %ong distances will
travel at least 32,000 feet up, where no wind blows except
the gentle eastern wind caused by the earth’s motion on
its axis.” It is quite likely that the future aviator will
fly high, but his motive will be to find an air current, not
to escape one. The gentleness of the zephyrs existing at
high altitudes may be seen from Table 1, which records
five sets of pilot-balloon ohservations recently taken by
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tne Signal Corps. These observations show air currents
increasing in intensity with increasing altitude and ap-
proaching the huge speed of 100 miles per hour. Such
speeds are perhaps exceptional but not at all uncommon,
The pilot balloon mentioned in section 3 above, traveled
from Omaha to Virginia at an average speed of 30 miles
per hour, the average height being 18,000 feet. On No-
vember 6, 1918, at Chattanooga, Tenn., a velocity of 154
miles an hour at an altitude of 28,000 feet was observed
by one of the meteorological units of the Signal Corps.
These facts bring out the importance of a forecast of such
currents for the purpose of long flights. A flier aided by
such a wind as that last mentioned would move toward
his objective 2X 154, or 308 miles an hour more rapidly
than if he were opposed by it. When it is recalled that
the aviator above the clouds has no means of knowing
anything about the motion of the air in which he fies it
will be seen that it is of the greatest importance to him
to know the nature of the currents at different levels.
Table 2 furnishes a very typical illustration of this
importance. -

TasLE 2.
: Wind Wind.
Altitude. direction.| velocity.
Miles
Meters. per hour,
nw. 2.2
e, 3.8
[N N3
ne. 54
w. 5.4
nw. 2446
nw. 49.2

From the above data it is evident that on this occa-
sion an aviator flying toward the west should fly at an
altitude of 1,000 meters, while an aviator flying toward
the east should fly at an altitude of 4,000 meters or more.

In order to meet the obvious need of the aviator for a
knowledge of the upper-air currents, the Signal Corps in
the summer of 1917 undertook for the first time in history
a general program of systematically mapping the upper-
air currents of the United States, the Atlantic, and west-
ern Europe in aid of aviation and particularly with ref-
erence to trans-Atlantic flight. lg_v the fall of 191%
26 upper-air stations carefully distributed over the
United States were in full operation in place of the 1
station which had existed before the war. From these
stations reports are telegraphed twice daily to the
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Weather Bureau in Washington. From the pilot-balloon
observations charts are constructed showing the wind
direction and velocity at the various levels; for instance,
one chart shows the wind direction and velocity near
the ground, another chart shows the wind direction and
veloeity 500 meters above the ground, and additional
charts show the wind direction and velocity at the fol-
lowing levels: 1,000, 1,500, 2,000, 3,000, and 4,000 meters
above the ground.! The forecaster at Washington has
the various eharts before him, showing wind and weather
conditions prevailing over the United States, within an
hour and a half after the observations are made. From
these charts he prepares the forecast of weather condi-
tions for the various sections of the United States, and
at the same time prepares a statement of the wind and
weather conditions at various altitudes along the various
air routes for the use of aerial navigation. This service is
already being used by the Aerial Mail Service. It is also
used by the military fliers, as is evidenced by telegraphic
requests received at various military meteorological
stations for special reports on the weather and wind
conditions when long-distance flights are contemplated.
The problem of exploring the upper-air currents over
the Atlantie was at irst thought insoluble on account of
the absence of fixed bases, but the suecess of the Meteoro-
logical Service in developing its long-range propaganda
balloons has now made possible the mapping of the upper-
air highways across the Atlantie, for arrangements are
being made to send up both from coastal stations and
from trans-Atlantic steamers these long-range halloons
designed now for from 2,000 to 3,000 mile ﬁights, angd
adjusted to maintain a constant altitude and to drop in
western Europe their records of average winds in these
heretofore unchartable regions. The importance of this
work for the future of aviation needs no emphasis.
The suecess which the Meteorological Service has at-
tained would have heen wholly impossible had it not been
for the intimate and effective cooperation which has been
extended to it in all of its projects by the United States
Weather Burcau through its chief, Prof. C. I¥. Marvin,
and its entire staff. The chief credit for the work abroad
should go to Lieut. Col. William R. Blair, commissioned
from the Weather Buresu for the obhservational work
with the A, E. F. For the success of the service in this
country Capt. Sherry and Licut. Waterman have the
chief responsibility. Capt. Murphy and Prof.. Fassig
have, however, contributed very important elements.

1 See fig. 3, p. 220, helow,

THE MILITARY METEOROLOGICAL SERVICE IN THE UNITED STATES DURING THE WAR.

By BerTrAM J. SHERRY, Caplain, Signal Corps, and Avax T. WaTermaN, First Lieutenant, Signal Corps.

[Dated: Washingtrm, D, C., May 13, 1919.]

Previous to the beginning of the war in 1914 no nation,
with the possible exception of Germany, had made provi-
sion for meteorological work as used In modern warfare.
It is true that surface meteorological ohservations were
made at some of the military posts, but no systematic
meteorclogical work was attempted nor had any upper-
air observations heen made with a view to providing the
Air Service and the Artillery with necessary meteoro-
logical data. In the United States the Weather Bureau
has always maintained an efficient civilian meteorological
service and has accumulated an enormous amount of
data, both of surface and of upper-air meteorological con-
ditions, and had not these data been available during
the war a great many aviation and artillery problems
would have been much more difficult.

With the present development of aviation it hecomes
higlily desirable that a more intimate knowledge of upper-
air conditions be obtained. Tiwe development of modern
artillery makes it necessary that certain corrections for
variation from normal in tlhe atmospheri: conditions be
incorporated in artillery range tables. For instance, it
has heen found that in firing t: e 75-mm. gun at a tar-
get 7,000 meters away an oppusing wind of 10 meters per
second will catse t e projectile to fall nearly 400 meters
(a quarter of a mile) si.ort of t'e target. In order to
make the proper correction to Tt e aim in artillery fire it
is necessarvy to know tee wind direction and speed at
various altitudes up to tl ¢ maximum height reached by
the projectile. In the case cited above this would be
approximately 2,000 meters. Besides making corrections



